Inflammatory cells were isolated from West Nile virus (WNV)-infected CBA/H (H-2 k) mouse brains, and their function and cell surface markers were studied. Two populations of cytolytic lymphocytes were detected. One population, which lysed WNV-infected and uninfected L929 (H-2k), YAC-I (H-2a), P815 (H-2d), OH (H-2KOD k) and 2R (H-2KkD b) target cells, had a phenotype of L3T4-Lyt2-Thyl -+ asialo GM 1 + and hence were natural killer (NK) cells. The other, which lysed WNV-infected cells to a greater extent than uninfected L929 cells, had a phenotype of L3T4-Lyt2 ÷ Thyl + asialo GM1-and were cytotoxic T cells. In addition, the presence of the latter population was demonstrated by the specific lysis of syngeneic WNV-infected astrocytes, a cell type which is resistant to NK cell lysis. The cell surface markers of isolated inflammatory cells were determined by two colour flow cytometry. This showed that 15 to 40% of the cells were Thyl +, among which about 3% were Lyt2 +. No L3T4 + cells were detected.
INTRODUCTION
Viral infections induce inflammation in the central nervous system (CNS) and at least two different, but not necessarily mutually exclusive, mechanisms are responsible. On one hand, damage of cells in the CNS by cytopathic virus infection may result in the release of chemotactic factors which recruit haematologous cells into the CNS (Brier et al., 1970) . Thus the level of cellular extravasation into cerebrospinal fluid (CSF) of mice infected with Semliki Forest virus (SFV) (Berger, 1980) and vaccinia virus (Doherty, 1973) is quite substantial in the absence of specific T cell involvement. On the other hand, sensitized T cells have been shown to be essential for triggering the inflammation induced by non-cytopathic viral infection such as that caused by lymphocytic choriomeningitis virus (LCMV) infection (Doherty & Zinkernagel, 1974) . In the second mechanism, cells other than T ceils, such as B cells, macrophages and perhaps natural killer (NK) cells were also recruited into Sindbis virus-infected mouse brain parenchyma (Moench & Griffin, 1984) and LCMV-infected mouse CSF . The function of inflammatory cells in CSF has been characterized extensively for a number of viral infections, and the existence of NK cells and cytotoxic T (Tc) cells has been well documented (Allan & Doherty, 1986; Doherty & Korngold, 1983; Doherty & Zinkernagel, 1974) , mainly because of the high availability of inflammatory cells in CSF. Furthermore, the importance of Tc cells in viral clearance and immunopathology has been recognized in the case of LCMV-induced meningitis (Baenziger et al., 1986; Doherty & Zinkernagel, 1974; Oldstone et al., 1986) .
Flaviviruses are among the most important agents causing encephalitis (Monath, 1986) . Existing data suggest that the inflammation is T cell-mediated. Thus, in murine models immune suppression induced by irradiation and anti-thymocyte serum treatment results in suppressed inflammation with variable consequences on viral replication, mortality and morbidity (Cole, 1968; Hirsch & Murphy, 1967; Webb et al., 1968) . The mechanisms by which inflammation is 0000-8603 © 1989 SGM induced and the nature of the cell populations involved have not been reported. In this study, the inflammatory cells from West Nile virus (WNV)-infeeted murine CNS were isolated, and their function and phenotype characterized.
METHODS
Mice. Mice were bred under specific pathogen-free conditions at the Animal Breeding Establishment of the John Curtin School of Medical Research. BALB/c and CBA/H female mice 6 to 8 weeks of age and 1-to 2-day-old CBA/H neonates were used.
Cell lines and viruses. YAC-1 ceils (H-2 a) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5 ~ foetal calf serum (FCS) and 10 -4 M-2-mercaptoethanol. Fibroblast cell lines L929 (H-2k), OH (KdDk), 2R (KkD b) and mastocytoma P815 (H-2 d) were passaged as described (Gardner et al., 1975) . WNV, Sarafend strain, was prepared from mouse brains and titrated on Vero cells (Taylor & Marshall, 1975) .
Preparation of astrocyte cultures. Astrocytes were prepared essentially as described (McCarthy & de Vellis, 1980) . Briefly, l-to 2-day-old mice were anaesthetized, meninges removed, the brains homogenized by pipetting and then treated with trypsin/DNase I solution (0-1 ~ w/v trypsin and 0.001 ~ w/v DNase I) for 20 min. The action of trypsin was stopped by adding equal volumes of neural medium (DMEM supplemented with 12 mg/1 L-arginine, 36 mg/1 t-asparagine, 6 mg/1 folic acid, 7 g/1 D-glucose and l ~ v/v non-essential amino acids; Flow Laboratories, . The suspension was centrifuged and the pellet was dispersed. The ceils in the pellet were cultured in 80 cm 2 Nunclon plastic flasks at a density of 106 cells/ml in a volume of 20 ml for 8 days until confluent and the medium was then changed. One day later, the flasks were shaken for 15 to 18 h (37 °C, 250 r.p.m.) with a gyratory shaker (New Brunswick Scientific Company) . The cultures were then washed with Puck's saline and trypsinized into single cell suspensions and replated. The secondary cultures were identified by indirect immunofluorescence microscopy with rabbit anti-human glial fibrial acidic protein (GFAP) serum (Dako, code A561) and were shown to be more than 95~ GFAP-positive. Such secondary culture cells were used in this study.
Preparation of inflammatory cells from WNV-infected mouse brain. CBA/H mice were injected intracerebrally (i.e.) with 2 x 107 p.f.u, of WNV. Brains were collected after 5 days, sliced finely and digested with collagenase (2 mg/ml in DMEM containing 4~ FCS) for 30 min at 37 °C, with occasional shaking. The collagenase was removed by washing with DMEM containing 5~ FCS and brain cells were resuspended in the same medium containing a 1:4 dilution of Percoll (Pharmacia). The brain cell suspension was centrifuged at 250 g for 90 min through a step-wise Percoll gradient of 1-5 ml of 1:1, 5 ml of 1:2, and 5 ml of 1:3 Percoll solution in DMEM containing 5% FCS in a 30 ml centrifuge tube (Corvex).
Cells from interfaces were collected and washed once with Hanks' balanced salt solution (HBSS). Cytotoxic assay. Astrocytes infected (48 h) with WNV or treated with recombinant murine 3' interferon (IFN-y) (a gift from Bochringer) (500 units/ml) for 48 h were washed with HBSS and trypsinized. Astrocytes, P815, L929, OH, 2R and YAC-1 cells were labelled with 51Cr and the cytotoxic assay was carried out as described previously (Yap & Ada, 1977) . Unless otherwise specified, duration of the assay was 6 h.
Antiserum treatment. Inflammatory ceils from WNV-infected CBA/H mouse brain were treated as described by Mfillbacher et al. (1984) . The antisera used were monoclonal anti-Thyl. 2 (F7D5 clone, Olac), monoclonal rat antimouse Lyt2 (originally derived from that produced by Dr F. Fitch, University of Chicago, Chicago, I11., U.S.A.), rat monoclonal anti-mouse L3T4 (Ceredig et al., 1985) and polyclonal rabbit anti-mouse asialo GM1 (Wako, WR002). Effector :target ratios were based on viable effector cells before antiserum treatment.
In vitro stimulation of inflammatory cells. Inflammatory cells isolated from WNV-infected CBA/H mouse brain were cultured in supplemented DMEM in the presence of 1 ng/ml of phorbol myristate acetate (PMA) (Sigma) and 100 ng/ml of ionomycin (Calbiochem/Behring). Cells were harvested after 5 days and used for flow cytometry.
Analysis of inflammatory cells byflow cytometry. Two colour analysis was carried out to assess the phenotype of the freshly isolated inflammatory cells and single colour analysis was used to assess the phenotype of the in vitro stimulated inflammatory ceils. Staining was carried out at 4 °C. Aliquots of 106 inflammatory cells or splenocytes were washed and incubated for 20 rain in 100 ~tl of anti-L3T4 (GK 1.5; Dialynas et al., 1983a), Lyt2 (53.6.7; Sarmiento et al., 1980) or both. The cells were then centrifuged through cold newborn bovine serum (NBS) and resuspended in 100 ~tl of 1:20 fluorescein isothiocyanate (FITC)-conjugated sheep anti-rat immunoglobulin second-step reagent (Silenus Laboratories) and incubated for 20 min. Following washing, rat monoclonal antibody (MAb) HO. 22.1 (anti-Thyl. 1 ; Marshak-Rothstein et al., 1979) was added to block the remaining binding sites of the FITC-conjugated sheep antibody. The cells were washed and resuspended with 100 ktl containing 0.25 p.g of biotinylated anti-Thyl. 2 MAb (Becton Dickinson, cat. no. 23-1127-03) . After incubation for 45 min the cells were washed once with NBS and then once with cold phosphate-buffered saline (PBS). Streptavidin R-phycoerythrin conjugate (Serotec, code no.QBAR 4A) was added. After 1 h the cells were washed with cold PBS and diluted into 0.5 ml of cell culture medium and ready for flow cytometry. Twenty thousand gated events were collected using a FACS 440 flow cytometer linked to a Consort 4D computer (Becton Dickinson). The proportion of stained cells was calculated by subtracting the value for control ceils stained without specific MAb.
Inflammatory cells stimulated in vitro were stained with rat MAb and FITC-conjugated sheep anti-rat Ig second-step reagent, then analysed by flow cytometry as described above.
RESULTS

Isolation of inflammatory cells from the CNS
CBA/H mice infected i.c. with 2 x 107 p.f.u, of WNV showed clinical signs of disease on day 5 and died on days 5 to 7. Histological examination indicated that mild mononuclear ceU infiltration had developed in the CNS on day 3 after WNV infection, and by day 5 global distribution of severe inflammation was observed. No inflammation was observed in control mice injected i.c. with mouse brain suspension. Inflammatory cells were isolated from infected mouse brains by density gradient centrifugation on day 5. Four bands were obtained after centrifugation. The top band consisted of cellular debris, the bottom band (at the interface between the 1 : 1 and 1 : 2 dilutions of Percoll) contained mainly red blood ceUs. The band on the interface between 1:3 and 1:4 Percoll (fraction I) contained debris and viable nucleated cells. The band on the interface between 1 : 2 and 1 : 3 Percoll (fraction II) contained mainly nucleated ceUs with little cellular debris. Separation of peripheral blood cells and splenocytes on such a Percoll gradient showed that leukocytes sedimented in fraction II (data not shown). Table 1 gives the numbers of cells harvested from mock-and WNV-infected mouse brains in three separate experiments. In fraction I, about four-to 20-fold more and in fraction II about eight-to 60-fold more viable nucleated ceUs were recovered from WNV-infected than from mockinfected mouse brains.
Cytolytic activity and specificity of the inflammatory cells
The cytolytic activity of the cells isolated from mock-and 5-day WNV-infected CBA/H (H-2 k) mouse brains was tested on both uninfected and WNV-infected L929 (H-2 k) target cells (Table 2 ). Mononuclear cells isolated from fractions I and II of mock-infected and from fraction I of WNV-infected mouse brain caused relatively little lysis of L929 target ceils, while those isolated from fraction II of WNV-infected mouse brains were significantly cytotoxic towards WNV-infected L929 cells (Expt. 1 in Table 2 ). The cells isolated from fraction II of WNVinfected CBA/H mouse brains were therefore characterized further. The activity of these cells varied between experiments in terms of their lytic activity on WNV-infected compared to uninfected L929 target cells. Greater lysis of WNV-infected targets than of uninfected L929 cells (Expt. 1), equal lysis of the two (Expt. 2) and greater lysis of uninfected L929 compared to WNV-infected targets (Expt. 3) was observed. In addition, these cells possessed significant lytic activity against YAC-1 cells, the most sensitive target for murine NK cells. The cells that lysed YAC-1 cells were of the Thyl -+ asialo GM1 ÷ L3T4-Lyt2-phenotype (Fig. 1) . Furthermore, these cells lysed uninfected cell lines OH (H-2KdDk), 2R (H-2KkD b) and P815 (H-2 d) (Fig. 2) , and hence showed no specificity for self class I major histocompatibility complex (MHC) antigens.
Previous work has indicated that astrocytes are not susceptible to lysis by NK cells (Liu & Mfillbacher, 1988) . We therefore used astrocytes to distinguish Tc cells from NK cells. Table 3 shows the lytic activity of the 5-day WNV-infected fraction II inflammatory cells and BALB/c anti-CBA/H (H-2 k) alloreactive Tc cells on YAC-1 ceils (H-2 a) and astrocytes. The presence of NK activity was indicated by lysis of YAC-1 cells. These inflammatory cells also lysed WNVinfected syngeneic CBA/H (H-2 k) astrocytes, but did not lyse uninfected CBA/H, uninfected BALB/c or WNV-infected BALB/c (H-2 d) mouse astrocytes.
As WNV infection up-regulates class I and class II MHC antigens on astrocytes and thus enhances T cell recognition of these cells , the lysis of WNV-infected syngeneic astrocytes by the inflammatory cells could have been due either to anti-self MHC antigen Tc cells or to anti-WNV Tc cells. Therefore astrocytes were treated with IFN-y to elevate MHC * Mean number of cells per brain; the numbers of brains used in each group is given in parentheses. t Cells were isolated from pooled day 5 mock-infected and WNV-infected CBA/H mouse brains. Fraction I cells were collected from the interface of 1 : 3 and 1:4 dilutions of the Percoll gradient and fraction II from the 1 : 2 and 1:3 dilution interface. antigen density on the cell surface. WNV-infected and IFN-y-treated astrocytes gave higher levels of lysis by anti-H-2 k Tc cells than untreated control targets; yet IFN-v-treated astrocytes were not lysed by the isolated inflammatory cells. Thus, the above data suggest the presence of both NK cells and WNV-specific Tc cells in the inflammatory cell population.
Functional phenotyping of the inflammatory cells from WNV-infected mouse CNS
Fraction II inflammatory cells from 5-day WNV-infected CBA mouse brains were divided into five aliquots, treated with different antisera plus complement (C') and tested for cytotoxicity on WNV-infected and uninfected L929 cells (Table 4 ). The cells responsible for lysing uninfected L929 targets were partly depleted by anti-Thyl. 2 MAb + C', and were almost eliminated by anti-asialo GM 1 antisera 4-C', but were not affected by either anti-L3T4 or antiLyt2 4-C'. This is consistent with the phenotype of conventional NK cells. The cytotoxic cells * Release of 5~Cr from target cells at an effector:target (E:T) ratio calculated from a three-point linear regression curve of specific lysis in threefold dilution steps; r values are given in parentheses. All points were mean values of triplicates with the standard error of the mean never greater than 4-8~.
t Cells were untreated, WNV-infected (WNV in parentheses) or treated with IFN-7 (IFN-~, in parentheses). :~ Fraction II cells as for Table 1. responsible for lysing WNV-infected L929 cells were partly depleted by anti-Lyt2, -Thyl or -asialo GM1 antibodies + C' but not anti-L3T4 + C'. After depletion of asialo GM1 ÷ cells, the surviving cells lysed WNV-infected L929 targets but not uninfected L929 targets. In contrast, the inflammatory population depleted of Lyt2 ÷ cells lysed WNV-infected and uninfected L929 targets almost equally. Hence the effectors that lysed WNV-infected L929 targets specifically were Thyl. 2 + Lyt2 ÷ Tc cells, while the effectors that lysed both uninfected and infected L929 targets were Thyl.2 ± asialo GM1 ÷ NK cells. t Release of 51Cr from virus-infected or uninfected L929 targets with spontaneous release subtracted. Lysis was calculated at an effector : target ratio of 15 : 1 derived from a three-point linear regression curve of specific lysis in threefold dilution steps; r values are given in parentheses. All points were mean values of triplicates with the standard error of the mean never greater than 3.2%. 
Phenotyping the inflammatory cells by flow cytometry
The surface markers of inflammatory cells from fraction II of 5-day WNV-infected CBA/H brains were determined by flow cytometry, using MAbs specific for Thyl, L3T4 and Lyt2. Two colour analysis was applied for freshly isolated inflammatory cells with red staining for antiThyl and green staining for anti-L3T4, anti-Lyt2 or both. Table 5 This condition is known to be optimal for the growth of L3T4 ÷ Lyt2 ÷, and L3T4-Lyt2-T cells (Erard et al., 1985) . The cells thus expanded in vitro were phenotyped by single colour flow cytometry (Fig. 3) . The majority of the cells were Thyl ÷ (Fig. 3a) and Lyt2 ÷ (Fig. 3c) . The staining with both MAbs against L3T4 and Lyt2 was similar to that of Lyt2 alone (Fig. 3d) . Again, no L3T4 ÷ cells were detected (Fig. 3b) . DISCUSSION WNV induces fatal encephalitis in mice. Mononuclear cell infiltration has been recorded in meninges, Virchow--Robin space and brain parenchyma (Monath, 1986) . However, little is known about the cells involved in inflammation. In this study, inflammatory cells were isolated from WNV-infected mouse brain and their function and cell surface markers were analysed. The functional data indicate the existence of at least two populations of cytolytic lymphocytes in WNV-infected CNS: NK cells and Tc cells. Inflammatory cell populations varied from experiment to experiment with regard to the degree of lysis of WNV-infected compared to uninfected L929 cells, which can best be explained by varying proportions of NK and Tc cells. The greater degree of lysis of WNV-infected L929 targets than of uninfected L929 cells is obviously compatible with the suggestion that anti-WNV Tc cells were the predominant component of the inflammatory cell population. Conversely, the lysis of uninfected L929 targets to a greater extent than WNV-infected L929 cells could be explained by two situations: first, if NK cells were the more significant contributors to cytotoxic effector functions than Tc cells in the inflammatory cell population, and secondly, if uninfected L929 cells were more susceptible than WNV-infected L929 targets to NK cell-mediated lysis. This latter proposition is compatible with observations that target cells with elevated class I MHC expression are less susceptible to NK cells (Storkus et al., 1987) and that WNV infection elevates class I MHC expression .
The cytolytic ceils isolated from the inflammatory cell population in the CNS did not result from contamination by blood because both peripheral blood and spleen cells had a proportionally lower cytotoxicity irrespective of the target cells used (data not shown). The relative contribution of CSF and brain parenchyma to the cytolytic lymphocytes isolated is not known.
High NK cell activity has been reported in CSF harvested from mice infected with LCMV (Allan & Doherty, 1986) or Sindbis virus-induced encephalitis (Griffin & Hess, 1986) . However, the function of NK cells in vivo remains unknown in both situations, as mice with the beige mutation (deficiency in NK cells) show a similar picture of viral clearance/immunopathology as congenic wild-type mice (Allan & Doherty, 1986; Gates et al., 1984; Hirsch, 1981) . To assign a functional role for the NK cell population in WNV-infected CNS is also problematic, as uninfected and WNV-infected astrocytes are resistant to NK cell lysis (Liu & Miillbacher, 1988) . Tc lymphocytes are important for both virus-induced pathology and viral clearance (Baenziger et al., 1986) and transfer of flavivirus-immune spleen cells at the peak of Tc cell activity provides protection against flavivirus infection (Jacoby et al., 1980; Mathur et al., 1983) .
Our results reveal the existence of Tc cells in WNV-infected CNS, and hence will enable us to clone these cells and test their function in vivo, as has already been done by Oldstone et al. (1986) for LCMV infections.
There exist two distinct subpopulations of mature T cells with different cell surface markers and functional characteristics (Cantor & Boyse, 1975; Dialynas et al., 1983 b) . L3T4 + T cells recognize foreign antigens in association with class II MHC antigens, while Lyt2 + T cells recognize foreign antigens in association with class I MHC antigens. These two populations ofT cells have different requirements for induction and effector function; therefore, characterization of T cell subpopulations in WNV-infected CNS may help in our understanding of the role of the immune response in the CNS.
The results indicate that about 14 to 40 ~ of the inflammatory cells are Thy 1 +, of which 3 ~ are Lyt2 +, while no distinct L3T4 + cell population could be observed. The great variation in the percentage of Thyl + cells could either be due to brain cell contamination or simply be an experimental artefact, as Thyl antigen is expressed in brain in large quantities (Williams & Gagnon, 1982) and free Thyl antigen produced during isolation of inflammatory cells may be inserted in Thyl-cell membranes (C. Mueller, personal communication). The lack of L3T4 + cells in inflammatory cell populations was substantiated by our inability to detect L3T4 + ceils even after allowing for cell population expansion in vitro in the presence of interleukin 2 and ionomycin. The specific recruitment of Lyt2 + cells in the CNS has also been reported in LCMVinfected mouse CSF (Ceredig et al., 1987) but its mechanism is not yet known. This may reflect the unique immunological status of the CNS. Under physiological conditions, the CNS expresses low levels of class I MHC antigen but essentially no class II antigen. Although class I and II MHC antigens can be induced in the CNS in a number of situations, the induction of class I MHC antigen usually occurs more rapidly and in larger quantities (Wong et al., 1985) . Lack of class II MHC antigen in cells of the CNS implies the lack of specific ligand for virus-specific L3T4 + cells. The absence of L3T4 + T cells in the inflammatory cell population also raises an interesting issue as to the in vivo requirement of L3T4 + T cells in local immune responses. This issue is currently under investigation.
